A comparative study of formaldehyde (HCHO) fumigation was carried out by controlled vaporization, using an electric vapor generator, and by the Formalinpermanganate method. Determination of vapor levels as well as bactericidal action showed the generator to be more effective. Maximum achievable fumigant levels were temperature dependent and related to the equilibrium vapor concentration of HCHO. At a room temperature of 21°C, vaporization of more than 2,000 ytg of HCHO per liter resulted in conversion of HCHO to paraformaldehyde, which condensed on surfaces and contributed to prolonged residual vapor levels. An electronic monitor is described which is capable of detecting HCHO levels as low as 10 Ag/liter and can be used to monitor the complete fumigation process.
A comparative study of formaldehyde (HCHO) fumigation was carried out by controlled vaporization, using an electric vapor generator, and by the Formalinpermanganate method. Determination of vapor levels as well as bactericidal action showed the generator to be more effective. Maximum achievable fumigant levels were temperature dependent and related to the equilibrium vapor concentration of HCHO. At a room temperature of 21°C, vaporization of more than 2,000 ytg of HCHO per liter resulted in conversion of HCHO to paraformaldehyde, which condensed on surfaces and contributed to prolonged residual vapor levels. An electronic monitor is described which is capable of detecting HCHO levels as low as 10 Ag/liter and can be used to monitor the complete fumigation process.
Formaldehyde fumigation has long been an accepted method of sterilization for areas where microbiological cleanliness is required. Fumigation is usually carried out by mixing potassium permanganate and an excess of Formalin (40% formaldehyde) solution in a suitable container; sufficient heat is generated by oxidation of part of the formaldehyde (HCHO) with permanganate to vaporize the remaining formaldehyde and water (1, 6, 7, 10) . This method of fumigation is violent, messy, and potentially explosive (7) . In this paper, an alternative procedure is described for fumigation by controlled vaporization, in an electrical vapor generator, of either Formalin or paraformaldehyde, a polymer of HCHO which is converted to HCHO vapor upon heating (8) . Formaldehyde levels were compared in fumigations of several work areas by the controlled vaporization and Formalin-permanganate methods, and the effectiveness of each procedure was determined from the survival of resistant Bacillus subtilis spores (2, 5, 9, 12) . MATERIALS AND METHODS Reagents. A commercial Formalin solution consisting of 40% HCHO containing 10% methanol as a depolymerizing agent (Imperial Chemical Industries, Melbourne, Australia) was used throughout. Paraformaldehyde powder (Koch-Light) was a white polymer consisting of 95% paraformaldehyde.
Areas fumigated. A low-security area and a highsecurity area were monitored throughout the study. The low-security area was a large processing laboratory; during fumigation the air conditioning was turned off, but no attempt was made to seal air supply or exhaust ducts. The high-security area was a large sealed laboratory whose air supply was carefully controlled; exhaust air was passed through a gas-fired furnace to ensure microbiological security. The air conditioning for this area was turned off during fumi- (3) and suspension of the resultant growth in water. The suspension was subjected to two cycles of heating to 65°C for 30 min followed by centrifugation and resuspension in distilled water. A sample was then stained and examined microscopically for spores (4) . Glass rods 5 mm in diameter and 150 mm long, with a loop at one end and a graduation mark 50 mm from the other, were dipped into the spore suspension to the mark. They were then suspended in a laminarflow cabinet to dry and stored in a sterile jar. Before fumigation, rods were placed in different parts of the areas to be tested and transferred to a sterile screwcapped test tube at the end of each procedure, immediately after evacuation of the fumigant. Twenty milliliters of saline was added to each tube to remove the spores from the rods, and an estimate of viable spores was obtained by plating dilutions of the suspension onto nutrient agar. This was carried out within 2 h of removal of rods from the area. Plates were incubated at 37°C, and then colonies were counted after 3 days and checked after 7 days. 
RESULTS
HCHO levels by the Formalin-permanganate and hot plate vaporization methods. For Formalin-permanganate fumigations, quantities of Formalin recommended have ranged from 12 to 59 ml/m3 of air space (6, 11) , and ratios for Formalin-permanganate have ranged from 3:1 to 5:3 (1, 10). In the following experiments, fumigations were carried out by using a mixture of 17.8 ml of Formalin and 8.9 g of potassium permanganate per m3 of air space in a low-security area at room temperatures of 16, 24, and 300C. In preliminary experiments, room air samples were taken from each of four positions, including the ceiling and the floor, and HCHO levels were determined by chemical assay. Because no differences in concentration were observed between any position, all results from the sampling points were averaged. HCHO levels were also measured after vaporization of 12.5 ml of Formalin (70% of that used in the Formalin-permanganate fumigations to allow for losses due to permanganate oxidation) on a hot plate at a room temperature of 27°C.
Results in Fig. 3 indicate that the highest levels of HCHO were obtained in the Formalinpermanganate method at the commencement of fumigation and then vapor levels dropped to base levels of 200 to 500 ug/liter by 4 h. The initial concentration of HCHO was temperature dependent. Higher and more persistent levels of HCHO were obtained after vaporization by the hot plate method at a room temperature of 27°C, Use of electric vapor generator. In Table  2 the results from several fumigations are shown (procedures 1 through 6), using the electric vapor generator (Fig. 1) and different amounts of Formalin in a low-security area at different initial temperatures. In procedure 1, persistent HCHO levels similar to those obtained by the hot plate vaporization method (Fig. 3) would have contributed approximately 30% to the relative humidity. More reliable humidity control could be achieved with paraformaldehyde, which was also more convenient to use.
Use of electronic HCHO monitor. The electronic monitor (Fig. 2) was developed because of the time involved in chemical assays of air samples. When the output of the monitor was plotted against HCHO vapor levels obtained by chemical analysis, a power-law relationship was obtained (Fig. 4) . Such a relationship is particularly useful, since good sensitivity was achieved at the lower vapor levels and the total fumigation range was covered on the same scale.
Relationship between temperature and equilibrium vapor concentration. The relationship between temperature and the equilibrium vapor concentration is shown in HCHO levels after fumigation. The persistence of HCHO vapor after completion of the fumigation and restoration of ventilation is a significant problem, especially in high-security laboratories. The extent of the problem can be seen from chart recordings from the electronic monitor during fumigation of a high-and a lowsecurity area (Fig. 6) . Clearly, there was a rapid loss of fumigant in the low-security area, through vents, leaks, etc., but in the high-security area a higher level was maintained. Although restoration of the ventilation at 11 h in the high-security area and 12.5 h in the low-security area rapidly removed most of the vapor, a residual HCHO odor remained which was paralleled by a high monitor base level reading. WVhen ventilation was again stopped, at 14 h in the low-security area and 17 h in the high-security area, the level of HCHO rose, showing that some revaporization of formaldehyde was occurring. The odor was particularly noticeable in the high-security area, where a vaporization rate of 40 ,ug of HCHO/liter per h was shown to occur continuously. Since 10 air changes per hour occurred in the area, the laboratory atmosphere would have contained an average of 4 ,ug of HCHO per liter, a level in which it is too high to work ( the area when the ventilation was restored, the amount of paraformaldehyde present. increase of temperature which occurred after the The value of maintenance of a uniform tementry of warmer conditioned air allowed the perature was particularly apparent at a fumigant condensed paraformaldehyde to vaporize, lead-concentration of 1,500 ,ug of HCHO per liter. At ing to a slow rise in HCHO concentration. In the this level, the restoration of ventilation has raphigh-security area, the rise in HCHO level was idly removed all traces of the fumigant down to particularly rapid, due probably to the large the level of human detection, commonly ac- (Table 3) .
